A swept source based polarization-sensitive Fourier domain optical coherence tomography (FDOCT) system was developed that can acquire the Stokes vectors, polarization diversity intensity and birefringence images in biological tissue by reconstruction of both the amplitude and phase terms of the interference signal. The Stokes vectors of the reflected and backscattered light from the sample were determined by processing the analytical complex fringe signals from two perpendicular polarizationdetection channels. Conventional time domain OCT (TDOCT) and spectrometer based FDOCT systems are limited by the fact that the input polarization states are wavelength dependent. The swept source based FDOCT system overcomes this limitation and allows accurate setting of the input polarization states. From the Stokes vectors for two different input polarization states, the polarization diversity intensity and birefringence images were obtained.
Introduction
Optical coherence tomography (OCT) is a noninvasive, noncontact imaging modality that uses coherent gating to obtain high-resolution cross-sectional images of tissue microstructure [1] . Compared with conventional time domain OCT (TDOCT) which is based on a scanning optical delay line, Fourier domain OCT (FDOCT) can obtain higher sensitivity and imaging speed [2] [3] [4] [5] . In addition to the morphological structural image, FDOCT can also provide functional information of tissue physiology such as absorption [6] and blood flow velocity [7] . Tissue birefringence is another important functional parameter which can be measured by FDOCT. A spectrometer based FDOCT system was reported which incorporated bulk polarizers and wave plates to control the polarization states used to determine birefringence of the sample [8] . However, accurate control of the polarization states is difficult especially in the case of broad bandwidth because the wave plates are wavelength dependent. In TDOCT systems, a phase-resolved approach was demonstrated to be an effective method for high speed acquisition of polarization information [9] . This approach can also be used in FDOCT system to reconstruct intensity and birefringence images by processing the complex signals from the sample under study. However, the obscure object structure and phase error due to the mirror image generated by the Fourier transform and the low frequency noises originating from the reflected terms from the reference mirror and sample compromise the reconstruction of complex fringe signals. In this paper, a swept source FDOCT system was developed that can obtain the Stokes vectors, polarization diversity intensity and birefringence images in biological tissue. Complete removal of the autocorrelation noise and mirror image using an EO phase modulator achieved the full range complex signal. The polarization states generated by a polarization modulator were controlled accurately by selecting an appropriate drive function. A phase-resolved signal processing method was adopted to acquire the multifunctional images by processing the analytical interference complex fringe signals derived from two perpendicular polarization detection channels.
Experimental setup and signal processing
A schematic diagram of the fiber based FDOCT system is shown in Fig. 1 . A 1310 nm swept laser (Micron Optics) with a FWHM bandwidth of 85 nm and output power of 5 mW was operated at the sweeping rate of 500 Hz. The output light was polarized to 45° with respect to the optical axis of the crystal in the polarization modulator (New Focus). The polarization modulator was driven by a two step drive function to generate a phase shift of zero and 2 / π at 250 Hz. The corresponding two Stokes vectors of the output light are orthogonal in the Poincaré sphere so that the birefringence measurements are independent of the orientation of the optical axis in the sample. Subsequently, the light was split into reference and sample arms by a 2 × 2 coupler. In the reference arm, a polarizing EO phase modulator (JDS Uniphase) was used to generate a stable carrier frequency of 1 MHz for elimination of the mirror image and low frequency noise. The EO phase modulator was driven by a ramp waveform with 40 MHz sampling rate. To match dispersion caused by the EO phase modulator, an optical setup similar to a rapid scanning optical delay line with a stationary mirror was adopted which can compensate the group velocity dispersion. Calculations showed that the higher order dispersion can be neglected in our system. The reference power was attenuated by an adjustable neutral density attenuator for maximum sensitivity. 5% of the laser output was split and propagated through a 100 GHz fiber Fabry-Perot (FFP) interferometer (Micron Optics) to generate comb signals for dynamic calibration of the swept wavenumber function that is essential for rigorous conversion from time to wavenumber space. In the detection arm, the interfered beam was split into two polarization channels by a for the current system is not significant because of the limited source bandwidth used. However, in the case of a high resolution system with a broadband light source, the polychromatic phase error cannot be neglected and this correction will be essential for accurate quantification of polarization properties of biological tissues. The complex analytical depth encoded signal ) ( z S was converted from the time fringe signal ) (t Γ by the digital approach shown in the following block diagram:
where FFT denotes the fast Fourier transform, × is a multiplying symbol, H(ν) is the Heaviside function given by:
and FFT -1 denotes the inverse fast Fourier transform. The time fringe signal ) (t Γ is first transformed from time to frequency space by FFT. Multiplication of H(ν) selects the positive term of the Fourier transformed signal. The signal is then bandpass filtered with a 400 kHz bandwidth filter to remove the low frequency and DC noises. The subsequent demodulation step shifts the center frequency of the filtered interference term from 1 MHz to zero. The frequency fringe signal is then converted back to time space by inverse FFT. To cancel the distortion originating from the nonlinearities in the wavenumber function ) (t k , the data was numerically remapped from uniform time to uniform wavenumber space based on the function of ) (t k which is determined by the spectra calibration process described previously. The last FFT performed in k space retrieved the complex depth encoded fringe signal (C) terms. The measured sensitivity enhancement is about 20 dB after cancellation of the autocorrelation and DC noises. The imaging range was doubled from 2 mm to 4 mm with removal of the mirror image.
From the complex signals of the two orthogonal channels, the Stokes vector for the axial pixel z and one polarization state can be calculated as: are their conjugates, respectively. From the Stokes vectors for the two polarization states, the polarization diversity intensity image was obtained by averaging the two I. To determine the birefringence image, the detected signal reflected from the surface of the sample was adopted as the reference. The phase retardation was calculated by comparing the Stokes vectors between the surface and deeper axial position [10] . 
